The growth rate of the Phycomyces sporangiophore fluctuates under constant environmental conditions. These fluctuations underlie the well-characterized sensory responses to environmental changes. We compared growth fluctuations in sporangiophores of unstimulated wild type and behavioral mutants by use of maximum entropy spectral analysis, a mathematical technique that estimates the frequency and amplitude of oscillations in a time series. The mutants studied are believed to be altered near the input ("nightblind") or output ("stiff" and "hypertropic) of the photosensory transduction chain. The maximum entropy spectrum of wild type shows a sharp drop-off in spectral density above 0.3 millihertz, several minor peaks between 0.3 and 10 millihertz, and a broad maximum near 10 millihertz. Similar spectra were obtained for a night-blind mutant and a hypertropic mutant. In contrast, the spectra of three stiff mutants, defective in genes madD, madE, or madG, had distinctive peaks near 1.6 mHz and harmonics of this frequency. A madF stiff mutant, which is less stiff than madD, madE, and madG mutants, had a spectrum intermediate between wild type and the three other stiff mutants. Our results indicate that alterations in one or more steps associated with growth regulation output cause the Phycomyces sporangiophore to express a rhythmic growth rate.
and curvature, the growth of wild-type sporangiophores has been reported to fluctuate under constant environmental conditions (4, 12, 14, 19) . These growth fluctuations underlie sporangiophore responses to various stimuli, so an examination of these fluctuations may provide a better understanding of the Phycomyces sensory system. In the present work, sporangiophore growth fluctuations are compared for wildtype and mutant strains.
MATERIALS AND METHODS

Strains and Growth Conditions
The wild-type strain of Phycomyces blakesleeanus (Burgeff) used in this study was NRRL1555(-) (1) . The hypertropic mutant L85 (madH) (15) , night-blind mutant Clll (madB), and stiff mutants C285 (madD), C110 (madE), C376 (madF), and C288 (madG) (1) were isolated from the wild type after mutagenesis of spores with N-methyl-N'-nitro-N-nitrosoguanidine. Growth conditions were as previously described (9) . Stage IVb sporangiophores, about 2 cm tall, from the second crop were used for all experiments.
Illumination and Growth Rate Measurement
The Phycomyces sporangiophore is a long cylindrical structure 100 ,um in diameter capped by a spherical sporangium 500 ,um in diameter. Its rate and direction of growth are affected by light (11) , gravity, wind, volatile chemicals (22) , and nearby objects (avoidance response; 17) . Phycomyces "night-blind' mutants (defective in genes madA, madB, madC, or madl) have elevated fluence rate thresholds for phototropism, but exhibit normal gravitropism and avoidance responses (3, 11) . 'Stiff' mutants (madD, madE, madF, or madG) and "hypertropic' mutants (madH) have normal fluence rate thresholds for phototropism, but have altered gravitropism and avoidance responses (11) .
Comparative physiology of these mutants has led to several models for sensory transduction. One model, based on classical physiological experiments, predicts that night-blind mutants are altered near the input of a photosensory transduction chain, whereas stiff mutants are altered near the output (5) . Another model, based on system analysis methods, predicts that gene products MadA through MadH are molecular components of a photosensory transduction complex (16) .
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During all experiments, sporangiophores were irradiated bilaterally with 450 nm light at a constant fluence rate of 100 ,uW m-2, calibrated as previously described (9) . The growth rate was measured at 10-s intervals with the Phycomyces tracking machine (9, 10) at a constant temperature of 200C. Sporangiophores were adapted in the tracking machine chamber for 89.33 min, and the growth rate over the following 170.67 min (1024 measurements) was used for data analysis.
Data Analysis
Eight to 10 replicates were performed for each experimental treatment. Initially, the data from each experiment were fit to a straight line by a least-squares procedure and the measured values were subtracted from the fitted values. This eliminated the trend of increasing growth rate and allowed us to consider each time series as an approximately stationary process (2) .
Then, each time series was analyzed by the method of maximum entropy spectral analysis (21) . Spectral analysis involves transformation of a time series into the frequency domain, thereby allowing estimation of the significance of rhythms at different frequencies. For example, if a noisy time series has an underlying rhythm with a period of 100 s, then a spectrum of the time series will exhibit a peak at 10 mHz and smaller values at other frequencies. A principal advantage of spectral analysis is that a response that appears very noisy or complex in the time domain often appears much simpler in the frequency domain. Furthermore, one can also determine the amplitude, phase, and shape of the rhythmic waveform by spectral analysis. The maximum entropy spectral method has been used previously for analysis of complex rhythmic phenomena in biology (7, 23) .
In brief, maximum entropy spectral analysis requires calculation of an autoregression of the time series. Then, the spectrum is calculated from the autoregression coefficients by using the equation:
where P is the spectral density at frequency f; ao and the aks are the autoregression coefficients, z is the z-transform variable (z-eii4d, where i = [-1]1/2 and d is the sampling interval), and M is the number of autoregression coefficients. Increasing M increases the spectral resolution, but can cause spurious peaks due to noise in the data. We determined spectra for 10, 30, 100, and 300 coefficients, but show only those determined with 100 because they exhibited the best resolution.
Power spectra were also determined by the conventional method of summing the squares of the complex-valued amplitudes of each frequency in the Fourier transform (21) . Although spectra determined by both methods were similar in shape, only maximum entropy spectra are shown because they exhibited superior resolution of spectral peaks.
RESULTS AND DISCUSSION Wild Type
The growth rate of the wild-type sporangiophore fluctuates ( Fig. la) , as reported previously (4, 12, 14, 19) . In addition, the growth rate ( Fig. la) and fluctuation amplitude (Fig. lb) tended to increase throughout the experiments. The data were detrended by linear baseline subtraction (see 'Materials and Methods') prior to spectral analysis. This did not eliminate the gradual increase in fluctuation amplitude (Fig. lb) ; however, maximum entropy spectra determined from the first half and second half of each detrended time series were similar in shape (data not shown). Thus, it appears that although the amplitude of fluctuations increases, their character remains otherwise constant.
Maximum entropy spectra determined for nine identical experiments were similar in shape, so an average was calculated (Fig. lc) . The spectrum is characterized by a flat region from 0.1 to 0.3 mHz, several small peaks between 0.3 mHz and 10 mHz, a broad maximum near 10 mHz, and a sharp decrease in spectral density with increasing frequency (slope approximately -2 on a log-log plot, corresponding to a l/f2 rolloff; Fig. lc) . Spectra of dark-grown sporangiophores were nearly identical (data not shown). The peaks near 0.4 and 0.8 mHz previously reported in the power spectra of sporangiophore growth rate fluctuations (14) were not detected in our experiments.
The presence of a spectral maximum near 10 mHz for unstimulated sporangiophores (Fig. lc) is reminiscent of the Frequency, mHz growth response to a large step-up in fluence rate. In particular, Foster and Lipson (10) reported that a 600-fold increase of fluence rate caused a dampened growth rate oscillation at 11 mHz. This suggests that some of the oscillatory behavior present in unstimulated sporangiophores (Fig. lc) can be regulated by light. Several characteristics of growth fluctuations (Fig. 1 ) and growth regulation (10) of sporangiophores are also found in systems with deterministic chaos (18) . First, the power spectral density of growth fluctuations under constant environmental conditions is concentrated at low frequencies ( Fig. 1 c) ; chaotic systems often have this characteristic because aperiodic signals appear as signals with very long periods when a data set is finite in length (18) . Second, sporangiophore growth rate oscillates with the same frequency as a periodic light stimulus input (10); chaotic systems can also be driven with a periodic signal (18) . Thus, if the growth fluctuations we observed are deterministically chaotic, this would explain the ability of the sporangiophore to be driven by a periodic light stimulus (10) . Regrettably, most of the rigorous tests for detection of deterministic chaos (18) require much larger data sets (over 10,000 data points) than are available to us with the Phycomyces tracking machine. madE Mutant C110, a madE mutant, has a fluence rate threshold for phototropism similar to wild type, but its gravitropism and avoidance responses are inhibited (5). In addition, it has a slower rotation rate during growth (10), it is altered in its light growth response action spectrum near 500 nm (8) and, unlike wild type, it lacks light activation of the chitin synthetase zymogen (13) .
In contrast to wild type, the unstimulated growth rate of this mutant is clearly rhythmic (Fig. 2a) and the amplitude of the fluctuations does not change over time (Fig. 2b) . The maximum entropy spectrum indicates a fundamental at 1.6 mHz and harmonics at 3.2 and 4.8 mHz (Fig. 2c) . Because spectral density decreases with frequency, the spectral density at the fundamental frequency is about 10% of the maximal spectral density (at 0.1 mHz). The fundamental frequency corresponds to a rhythm with a period of 10.4 min; the harmonic contributions suggest that the waveform is nonsinusoidal in shape (2) . Spectra of dark-grown sporangiophores were nearly identical (data not shown).
A possible cause of the growth rate oscillations measured in madE and other stiff mutants (discussed below) could be circumnutation or lateral oscillation of the sporangiophore that might accompany elongation. If, during elongation, the sporangium circumnutated uniformly around a vertical axis, this by itself would not produce any oscillation in the vertical component of the growth rate. But, if the sporangiophore became bent and thereby circumnutated around a tilted axis or, if the sporangiophore simply oscillated back and forth within a vertical plane, there could be an apparent oscillation in the vertical growth. To check for such effects, we did specific experiments on the madE mutant C110. For these special experiments (data not shown), we modified the tracking machine system and the data analysis programs so that the horizontal velocity components (vx and vy) could be Frequency, mHz monitored and analyzed by maximum entropy spectral analysis in the same way as was done for the vertical growth rate (vz). The resulting time series for vx and vy showed no evidence of 1.6-mHz rhythms that were clearly evident for v, in each individual experiment. More important, there was no peak structure whatsoever in the maximum entropy spectra for v,, and vy corresponding to the strong 1.6-mHz peak for vz. Therefore, for the madE mutant tested and presumably for the other stiff mutants as well, we are confident that the growth rhythms are real, rather than an artifact introduced by circumnutation or lateral oscillations. Like the wild-type spectrum (Fig. lc) , the spectrum of the madE mutant has a broad maximum near 10 mHz and a sharp decrease in spectral density with increasing frequency (Fig. 2c) . However, the spectrum of the madE mutant is shifted to lower ordinate values (cf. Figs. lc and 2c ) corresponding to its smaller growth fluctuation amplitude in the time domain (cf. Figs. lb and 2b) . Similarly, in a system analysis study of Phycomyces mutants (20) , the transfer function for this mutant was reported to have reduced gain corresponding to its reduced light growth response amplitude (10).
Additional mad Mutants
The occurrence of a rhythmic growth rate in a madE mutant (Fig. 2) suggested that stiff mutants defective in other mad genes might also have rhythmic growth rates. Thus, we determined maximum entropy spectra for additional stiff mutants, as well as for hypertropic and night-blind mutants.
The growth rates of a hypertropic (madH) and night-blind (madB) mutant were not noticeably rhythmic in the time domain (data not shown), nor according to their maximum entropy spectra (Fig. 3) . The spectrum of the hypertropic (madH) mutant differed somewhat from that of wild type, in that it lacked the flat region from 0.1 to 0.3 mHz, and it was shifted to slightly higher ordinate values from 0.1 to 10 mHz. This later alteration corresponds to its slightly larger fluctuation amplitude. The spectrum of the night-blind (madB) mutant also differed somewhat from that of wild type, in that the low-frequency flat region extended to about 1 mHz and it had an additional high-frequency flat region from about 20 to 50 mHz.
In contrast, the growth rates of two other stiff mutants (madD and madG) were clearly rhythmic in the time domain (data not shown). Their maximum entropy spectra (Fig. 3) were similar to that of the madE mutant (Fig. 2) , in that all had peaks near the same fundamental (1.6 mHz) and harmonic frequencies. A madF mutant, which is not as stiff (i.e. not as impaired in bending responses) as mutants affected in genes madD, madE, and madG (5), had a spectrum that appeared intermediate between that of wild type and the madE mutant (Fig. 3) . Thus, a rhythmic sporangiophore growth rate under constant environmental conditions appears to be a general property of the 'stiff' phenotype.
Like the madE mutant (Fig. 2) , the spectra of madD and madG mutants were of lower amplitude than the wild-type spectrum (Fig. 3) ; the spectral amplitude of the madF mutant was intermediate between that of wild type and the madE mutant (Fig. 3) . This main (data not shown; but see Fig. 2a for madE). These stiff mutants also have reduced light growth response amplitudes (10) and transfer functions with reduced gain (20) . Thus, the reduction of overall growth fluctuation amplitude in unstimulated sporangiophores of stiff mutants correlates with alterations in the photosensory transduction system. Interestingly, the fundamental and harmonics that are clearly evident in the spectra of stiff mutants (Figs. 2c and 3 ) appear at the same frequencies in the spectra of wild type (Fig. lc) and a madB mutant (Fig. 3) as minor peaks of nearly the same absolute spectral density. Thus, sporangiophore growth fluctuations may involve two independent processes: one that is manifest as a sharp decrease in spectral density with increasing frequency and a broad spectral maximum near 10 mHz, and a second that is manifest as a rhythm with a period of 10.4 min. A mutation in any of the genes madD through madG may simply reduce the gain of the first process, thereby unmasking the 10.4-min rhythm. 
